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Abstract 

The  Nafion  stabilized  alcohol-reduction  method  has  been  used  to  prepare  Pt-Ru  catalysts  supported  on  Vulcan  XC-72.  The  particle  size 
and  morphology  of  catalysts  are  determined  by  X-ray  diffraction  analysis  and  transmission  electron  microscopy.  Well-dispersed  catalysts 
with  particle  sizes  from  3  to  7  nm  are  achieved.  The  catalytic  activities  of  these  catalysts  towards  methanol  electro-oxidation  are  investigated 
at  electrode  potentials  of  interest  for  fuel  cells.  The  addition  of  Nafion  during  catalyst  preparation  enhances  the  methanol  electro-oxidation 
activity  even  for  low  methanol  concentrations.  The  in-house  prepared  Pt-Ru/C  catalysts  (MEC-01  and  MEC-03)  in  0.5  M  H2S04  with  5% 
methanol  at  40  °C  display  a  higher  catalytic  activity  than  a  standard  Pt-Ru/C  (E-TEK  40)  catalyst.  In  5%  methanol,  the  impedance  of  the 
in-house  catalyst  is  lower  than  that  of  the  standard  Pt-Ru/C  (E-TEK  40)  catalyst,  viz.,  26.18  mg  Cl  versus  139.49  mg  Cl.  The  Structure  of  the 
in-house  prepared  MEC-01  catalyst  is  compared  with  that  of  commercial  E-TEK  40  by  means  of  X-ray  absorption  spectroscopy.  The  X-ray 
absorption  near-edge  (XANES)  of  the  MEC-01  catalyst  at  Pt  Lm-edge  shows  significant  variation  in  white  line  intensity  compared  with  that 
of  the  commercial  E-TEK  40  catalyst. 
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1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  have  been  the  sub¬ 
ject  of  great  interest  in  the  recent  years  due  to  their  poten¬ 
tial  application  in  electric  vehicles  and  as  portable  power 
sources  [1-12].  Although  several  electrocatalysts  have  been 
employed  for  the  oxidation  of  methanol  [13-18],  Pt  is  the 
preferred  anode  catalyst.  The  formation  of  CO  on  the  cat¬ 
alyst  surface  blocks  the  active  sites  for  CH3OH  oxidation. 
Therefore,  to  achieve  a  reasonable  reaction  rate,  catalysts 
with  lower  overpotentials  towards  methanol  oxidation  are 
required.  In  recent  years,  Pt-Ru  alloys  have  received  re¬ 
newed  attention  as  the  most  active  anode  catalysts  for  DMFCs 
[19-25].  The  use  of  Pt  alloys  is  based  on  the  fact  that  the  less 
noble  metal  forms  the  hydrated  oxides  necessary  to  oxidize 
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CO  at  lower  potentials.  Thus,  the  CO  adsorbed  on  Pt  is  ox¬ 
idized  by  the  second  metal  through  a  so-called  bifunctional 
mechanism  [26,27],  i.e., 

Ru  +  H20  Ru  -  OH  +  H+  +  e“  (1) 

Pt  -  CO  +  Ru  -  OH  Pt  +  Ru  +  C02  +  H+  +  e“  (2) 

The  Pt-Ru  catalyst  is  supported  on  a  high- surface-area  car¬ 
bon  support  such  as  Vulcan  XC-72  in  order  to  achieve  high 
dispersion.  Several  techniques  have  been  used  to  prepare  the 
catalysts,  such  as  colloidal  chemistry  methods  [28-32],  an 
impregnation  method  [33-37],  and  a  reverse  micelles  method 
[38,39].  Recently,  an  alcohol-reduction  procedure  has  been 
developed  for  producing  Pt-Ru/C  catalysts  for  polymer  elec¬ 
trolyte  fuel  cells  [40] .  The  prepared  metal  colloids  were  sta¬ 
bilized  with  a  surfactant  dodecyldimethyl  (3-sulfo-propyl) 
ammonium  hydroxide  (SB  12)  during  the  reduction  process 
without  influencing  the  deposition  of  the  colloids  on  the 
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Table  1 

Preparation  conditions  for  various  Pt-Ru/C  catalysts 


Catalyst 

Vulcan  XC-72 
pretreated 

Procedure  conditions 

PH 

Stir  time  (h) 

Reducing 
agent  (ml) 

Nafion  (jjlL) 

Temperature  (°C) 

Reflux 
time  (h) 

MEC-01 

HNO3 

11 

4 

15 

1716 

70 

5 

MEC-02 

HNO3 

11 

4 

25 

1716 

70 

5 

MEC-03 

HNO3 

11 

4 

35 

1716 

70 

5 

MEC-04 

HNO3 

11 

4 

15 

0 

70 

5 

carbon  support.  The  procedure  has  also  been  widely  used 
in  the  preparation  of  metal  colloids  for  homogeneous  cataly¬ 
sis  [41-43]  as  well  as  for  heterogeneous  catalysis  [44-46].  In 
both  the  cases,  nano-sized  and  well-dispersed  metal  colloids 
can  be  formed  and  stabilized  in  aqueous  solution  with  the  ex¬ 
istence  of  polymer.  Gold  core  and  palladuim  shell  bimetallic 
clusters  protected  by  polymers  have  also  been  prepared  by 
an  alcohol-reduction  method  [47]. 

In  this  communication,  a  nano- sized  Pt-Ru/C  catalyst  has 
been  produced  using  a  modified  alcohol-reduction  method 
in  which  a  small  amount  of  Nafion  is  introduced  during 
the  preparation  step.  Addition  of  Nafion  into  the  catalytic 
layer  is  believed  to  enhance  the  activity  of  Pt-Ru  catalysts 
for  the  electro-oxidation  of  methanol  by  acting  as  a  better 
dispersing  agent  and  by  increasing  the  ionic  (protonic)  con¬ 
ductivity.  Earlier  studies  revealed  that  Nafion  could  be  in¬ 
troduced  into  the  catalyst  layer  by  the  deposition  on  top  of 
the  nanoparticles  [48],  by  deposition  both  above  and  below 
the  nanoparticles  [49],  or  by  mixing  into  nanoparticle  ink 
[50].  The  present  study  examines  the  influence  of  Nafion  ad¬ 
dition  during  the  catalyst  preparation  step.  The  activities  of 
the  prepared  Pt-Ru/C  catalysts  towards  methanol  oxidation 
were  monitored  and  compared  with  that  of  standard  Pt-Ru/C 
(E-TEK  40)  catalyst. 

2.  Experimental 

2.7.  Chemicals 

Hydrogen  hexachloroplatinate  (H2PtCl6*H20,  Acros), 
ruthenium  chloride  (RUCI3,  Acros),  methanol  (99.8%, 
Acros),  sulfuric  acid  (97%,  Acros)  and  Nafion®  (5wt.%, 
Aldrich)  were  used  as-received.  Solutions  were  made  with 
de-ionized  water  (Millipore,  Milli  RO60).  Commercial  Vul¬ 
can  XC-72  was  used  as  a  carbon  support.  Vulcan  XC-72  was 
treated  with  HNO3  prior  to  use. 

2.2.  Catalyst  preparation  and  characterization 

Various  carbon  supported  Pt-Ru  electrocatalysts  (MEC- 
01 ,  MEC-02,  MEC-03  and  MEC-04)  were  synthesized  by  the 
alcohol-reduction  method  employing  methanol  as  a  reducing 
agent.  To  the  mixture  of  H2PtC16,  RUCI3  various  portions  of 
water,  Vulcan  XC-72  and  5  wt.%  Nafion  solution  (ratio  of 


Nafion  solution  to  catalyst  was  kept  at  1:3)  were  added  and 
the  pH  of  the  mixture  was  adjusted  to  11.  After  4h  of  stir¬ 
ring,  various  portions  of  methanol  were  added  while  keeping 
the  volume  of  water  and  methanol  solvent  mixture  constant 
for  all  the  compositions.  The  resulting  mixture  was  stirred 
at  70° C  for  5  h,  washed  with  de-ionized  water  and  filtered. 
The  filtrate  was  analyzed  for  Pt  and  Ru  with  inductively  cou¬ 
pled  plasma  atomic  emission  spectroscopy  (ICP-AES).  The 
results  disclosed  that  most  of  the  Pt  and  Ru  was  adsorbed  on 
the  carbon  support.  The  catalyst  powders  after  filtration  were 
dried  in  an  oven  at  60  °C.  The  detailed  preparation  conditions 
were  summarized  in  Table  1 . 

Powder  X-ray  diffraction  (XRD)  patterns  for  these  cat¬ 
alysts  were  obtained  on  a  diffractometer  (Rigaku  Dmax-B, 
Japan)  using  a  Cu  Ka  source  that  was  operated  at  40  kV 
and  100  mA.  The  X-ray  diffractograms  were  obtained  at  a 
scan  rate  of  0.05°  s-1  for  20  values  between  20°  and  90°. 
Transmission  electron  microscopy  (TEM)  examination  was 
performed  on  JEOL  JEM- 1010  microscope  that  operated  at 
an  accelerating  voltage  of  200  kV.  Specimens  were  prepared 
by  ultrasonically  suspending  the  catalyst  powders  in  ethanol, 
applying  the  specimen  to  a  copper  grid,  and  drying  in  air. 

X-ray  absorption  spectroscopy  measurements  on  in-house 
prepared  MEC-01  and  E-TEK  40  Pt-Ru/C  catalysts  were 
performed  at  the  National  Synchrotron  Radiation  Research 
Center  (NSRRC),  Hsinchu,  Taiwan.  The  storage  ring  was 
operated  with  1.5  GeV  energy  with  beam  currents  of  100 
to  200  mA.  A  Si(l  1  1)  monochromator  was  used  and  was 
detuned  by  10%  to  reject  higher  harmonics.  Three  ionization 
chambers,  optimized  for  the  Pt  Lm-edge,  were  used  in  series 
to  measure  the  intensities  of  the  incident  beam  (7q),  the  beam 
transmitted  by  the  sample  (7t)  and  the  beam  subsequently 
transmitted  by  a  Pt  foil  (7r).  The  Pt  foil  was  used  as  a  reference. 

Standard  procedures  were  followed  to  analyze  the  Ex¬ 
tended  X-ray  absorption  fire  structure  (EXAFS)  data.  First, 
the  raw  absorption  spectrum  in  the  pre-edge  region  was  fit¬ 
ted  to  a  straight  line  and  the  background  above  the  edge 
was  fitted  with  a  cubic  spline.  The  EXAFS  function,  x,  was 
obtained  by  subtracting  the  post-edge  background  from  the 
overall  absorption  and  then  normalized  with  respect  to  the 
edge  jump  step.  The  normalized  x(£)  was  transformed  from 
energy  space  to  k-space,  where  ‘k9  is  the  photoelectron  wave 
vector.  The  x(£)  data  was  k3 -weighted  and  k3x(&)  data  in  the 
k-space  from  3.6  to  17.6  A-1  was  Fourier  transformed  (FT) 
to  r- space. 
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2.3.  Electrochemical  half -cell  measurements  and 
impedance  analysis 

Half-cell  performance  tests  were  performed  in  a  three- 
electrode  cell.  A  Pt  wire  and  a  saturated  calomel  electrode 
(SCE)  were  used  as  counter  electrode  and  reference  electrode, 
respectively.  All  the  potentials  in  this  paper  are  reported  with 
respect  to  the  standard  hydrogen  electrode  (SHE).  The  work¬ 
ing  electrode  was  prepared  as  follow.  The  catalyst  powder 
was  dispersed  in  5  wt.%  Nation®  and  isopropanol  solution  by 
keeping  the  ratio  of  catalyst  to  Nation®  at  1:3.  From  this  so¬ 
lution,  slurry  containing  approximately  1.87-2  mgpt_RU  was 
dispersed  on  carbon  cloth  and  dried  at  75  °C  for  1  min.  The 
electrolyte  solution  contained  0.5  M  H2SO4  and  various  con¬ 
centrations  of  CH3OH  and  was  prepared  with  de-ionized  wa¬ 
ter.  A  potentiostat  (AUTO  LAB,  eco  chemie,  PGSTAT  20) 
was  used  for  all  the  half-cell  measurements.  An  electrochem¬ 
ical  cell  that  consisted  of  a  Pt-Ru/C  catalyst  pressed  on  Au 
ring  as  the  working  electrode  (which  was  situated  in  a  special 
Teflon  holder),  a  saturated  calomel  electrode  (SCE)  as  the 
reference  electrode,  and  a  Pt  wire  as  the  counter  electrode 
was  connected  to  Solartron  1260  &  1286  Impedance  ana¬ 
lyzer  for  electrochemical  impedance  spectroscopy  analysis. 
The  impedance  of  the  working  electrode  in  methanol  con¬ 
centrations  of  5-50%  was  measured.  The  impedance  spectra 
were  obtained  at  frequencies  between  100  kHz  and  0.01  Hz. 
The  amplitude  of  the  sinusoidal  potential  signal  was  10  mV. 

3.  Results  and  discussion 

3.1.  Structure  of  Pt-Ru/C  catalysts 

The  XRD  patterns  of  various  in-house  prepared  catalysts 
are  shown  in  Fig.  1 .  The  wide  peak  near  20  =  25°  corresponds 
to  diffraction  of  the  carbon  support.  The  diffraction  peaks  in 
the  Pt-Ru  catalyst  curves  match  the  (1  1  1),  (200),  (2  20), 
and  (3  11)  characteristics  of  a  platinum  fee  structure,  but 
are  shifted  slightly  to  higher  20  values.  There  are  also  no 
observable  lines  in  the  XRD  scans  that  correspond  to  those 
of  tetragonal  RuC>2  and  of  the  hep  structure  of  pure  ruthenium. 
If  the  homogeneous  solid- solution  of  Pt-Ru  is  not  formed, 
then  the  XRD  spectra  of  pure  Ru  in  an  hep  structure  would  be 
observed  in  the  scan.  The  increase  in  20  values  corresponds  to 
a  decrease  in  the  lattice  constants  due  to  the  incorporation  of 
Ru  atoms.  Such  incorporation  in  the  fee  structure  of  platinum 
indicate  the  formation  of  Pt-Ru  alloy  in  the  catalyst  [51]. 

The  X-ray  diffraction  pattern  for  the  in-house  prepared 
catalyst  MEC-01  was  compared  with  the  commercial  E-TEK 
40  Pt-Ru/C  catalyst,  as  shown  in  Fig.  2.  The  average  parti¬ 
cle  size  was  determined  using  the  peak  associated  with  the 
(2  2  0)  plane  of  fee  Pt  by  using  Scherrer’s  equation  [52],  and 
see  Table  2.  It  is  believed  that  in  the  (2  2  0)  peak  region  there 
are  no  reflection  signals  associated  with  the  carbon  support. 
The  dispersion  of  metal  particles  in  the  carbon  support  was 
investigated  by  TEM  for  Pt-Ru/C  catalysts.  The  TEM  images 
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Fig.  1.  XRD  patterns  of  in-house  prepared  Pt-Ru/C  catalyst  powders. 
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Fig.  2.  Comparison  of  XRD  patterns  of  MEC-01;  E-TEK  40  and  Pt  JCPDS 
file  (04-802). 


Table  2 

Particle  sizes  of  in-house  prepared  Pt-Ru/C  catalysts  and  E-TEK  40  Pt-Ru/C 


Catalyst 

Nafion 

(p,L) 

Methanol 

(mL) 

Particle  size 
(nm),  TEM 

Particle  size 
(nm),  XRD 

MEC-01 

1716 

15 

3-4 

3.3 

MEC-03 

1716 

25 

3-15 

- 

MEC-04 

0 

15 

5-7 

- 

E-TEK  40 

0 

- 

2-3 

2.4 
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Fig.  3.  TEM  images  of  in-house  prepared  Pt-Ru/C  catalysts,  (a)  MEC-01,  (b)  MEC-03  and  (c)  MEC-04. 


of  in-house  prepared  Pt-Ru/C  catalysts  shown  in  Fig.  3(a)-(c) 
reveal  that  metal  particles  of  high  contrast  are  well  dispersed 
over  the  surface  of  the  carbon.  The  standard  Pt-Ru/C  (E-TEK 
40)  catalyst  shows  a  similar  dispersion  pattern  over  the  carbon 
support  (Fig.  4)  when  compared  with  the  in-house  prepared 
Pt-Ru/C  catalyst  MEC-01  (Fig.  3(a)).  The  addition  of  Nation 
facilitates  the  dispersion  of  Pt-Ru  particles  on  the  carbon  sup¬ 
port.  The  average  particle  sizes  of  the  in-house  prepared  cata¬ 
lysts  are  given  in  Table  2.  This  found  that  the  catalyst  prepared 
with  Nation  addition  (MEC-0 1 , 3-4  nm)  has  a  smaller  particle 
size  than  that  of  catalyst  prepared  without  Nation  (MEC-04, 
5-7  nm).  Probably  the  addition  of  Nation  during  the  prepa¬ 
ration  stage  results  in  the  controlled  reduction  of  metal  ions 
to  form  catalysts  with  lesser  particle  sizes.  The  addition  of 
Nation  eliminates  the  use  of  stabilizers,  which  are  commonly 


used  to  prevent  cluster  agglomeration  [53-55].  Even  though 
the  addition  of  stabilizers  prevents  agglomeration  and  coa¬ 
lescence  of  the  metal  particles  on  the  supports,  their  removal 
prior  to  the  electrochemical  measurements  require  complex 
procedures  [56].  The  addition  of  Nation  in  the  present  in¬ 
vestigation  serves  a  dual  advantageous  role,  namely:  Nation 
disperses  well  the  catalyst  particles  on  the  carbon  support, 
Nation  can  also  be  used  to  control  the  size  of  the  Pt-Ru  par¬ 
ticles  formed.  There  is,  however,  a  difference  in  particle  size 
between  the  catalysts  prepared  with  the  same  Nation  con¬ 
tent  (see  Table  2).  The  catalyst  produced  with  a  low  reduc¬ 
ing  agent  concentration  has  a  lower  particle  size  (MEC-01, 
3-4  nm),  whereas  the  catalyst  prepared  with  a  high  reduc¬ 
ing  agent  concentration  has  a  large  particle  size  (MEC-03, 
3-15  nm).  With  increasing  concentration  of  reducing  agent 
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Fig.  4.  TEM  image  of  Pt-Ru/C  (E-TEK  40)  catalyst. 


from  MEC-01  to  MEC-03,  the  driving  force  for  the  reduction 
increases.  This  causes  particle  agglomeration  and  results  in 
the  formation  of  catalysts  with  large  particle  sizes. 

3.2.  Electrochemical  half -cell  measurements 

The  reactivities  of  the  in-house  prepared  Pt-Ru/C  catalysts 
(MEC-01,  MEC-02  and  MEC-03)  and  standard  Pt-Ru/C  (E- 
TEK  40)  catalyst  towards  methanol  electro-oxidation  were 
evaluated  by  performing  half-cell  measurements  on  the  cata¬ 
lysts  at  40  °C  with  varying  concentrations  of  methanol.  The 
results  are  presented  in  Fig.  5.  The  potential  was  swept  be¬ 
tween  0  and  1 .0  V  at  0.07  mV  s_1 .  The  mass  activities  of  both 
in-house  prepared  and  commercial  E-TEK  40  evaluated  from 
Fig.  5(a)-(d)  are  listed  in  Table  3.  For  the  catalysts  MEC-01 
and  MEC-02  (Fig.  5(a)  and  (b))  at  potentials  above  0.35  V, 
the  mass  activity  increases  slightly  with  increase  in  methanol 
concentrations  from  5  to  35%,  and  there  after  they  start  to 
decrease.  The  same  pattern  was  observed  for  the  standard 
Pt-Ru/C  (E-TEK  40)  catalyst  (Fig.  5(d)).  For  the  catalyst 
MEC-03,  however,  the  mass  activity  decreases  with  increase 
in  methanol  concentration  from  5  to  35%,  and  then  starts 
to  increase  (Fig.  5(c)).  The  onset  of  methanol  oxidation  for 
MEC-01  for  5%  methanol  concentration  (0.325  V),  which 
is  low  compared  with  the  onset  potential  for  the  standard 
Pt-Ru/C  (E-TEK  40)  catalyst  (0.35  V  versus  NHE).  The  on¬ 
set  potential  is  defined  as  the  potential  at  which  5%  of  the 
maximum  current  density  at  0.7  V  (minus  the  double-layer 
capacity)  is  reached  [57].  It  is  well  known  that  a  lower  onset 
potential  for  methanol  oxidation  has  to  be  used  for  higher 
electrocatalytic  activity.  Both  Leger  and  coworkers  [57]  and 


Table  3 

Mass  activity  (mA  mg- 1 )  of  various  Pt-Ru/C  catalysts  at  40  0  C  and  at  various 
methanol  concentrations  calculated  from  anode  current-potential  curves  of 
Fig.  5 


Catalyst 

Voltage  (V) 

Mass  activity  (mA  mg 

‘) 

5% 

CH3OH 

15% 

CH3OH 

35% 

CH3OH 

50% 

CH3OH 

MEC-01 

0.4 

1.62 

3.11 

2.67 

2.48 

MEC-01 

0.6 

10.95 

15.38 

14.37 

12.1 

MEC-01 

0.8 

22.79 

31.14 

29.7 

25.22 

MEC-02 

0.4 

0.04 

0.07 

0.11 

0.11 

MEC-02 

0.6 

1.16 

2.25 

3.05 

2.72 

MEC-02 

0.8 

4.38 

7.32 

9.38 

7.97 

MEC-03 

0.4 

1.82 

1.65 

1.22 

1.97 

MEC-03 

0.6 

11.3 

9.97 

7.86 

8.45 

MEC-03 

0.8 

23.1 

20.6 

17.05 

18.42 

E-TEK  40 

0.4 

0.55 

2.48 

2.74 

2.01 

E-TEK  40 

0.6 

5.56 

17.37 

17.95 

14.27 

E-TEK  40 

0.8 

7.98 

35.7 

38.61 

29.68 

Watanabe  and  coworkers  [58]  have  used  the  variation  in  onset 
potential  of  methanol  oxidation  to  probe  the  enhanced  cat¬ 
alytic  activity  of  Pt-Ru  catalysts  over  a  Pt  catalyst.  In  present 
studies,  it  has  been  found  that  the  onset  potential  for  methanol 
oxidation  on  the  in-house  prepared  catalyst  (MEC-01)  is  sig¬ 
nificantly  lower  than  that  on  standard  E-TEK  40  Pt-Ru/C 
catalyst  for  all  methanol  concentrations  studied  (Fig.  6).  This 
could  be  due  to  surface  structural  variations  in  the  in-house 
prepared  catalyst,  which  makes  the  dissociation  of  water  on 
Ru  faster  at  low  potentials  and,  thereby,  the  surface  adsorbed 
hydroxides  (Ru-OH)  oxidize  the  CO  (or  organic)  species  that 
are  adsorbed  on  neighboring  Pt  sites  in  accordance  with  the 
bifunctional  mechanism  [26,27]. 

The  electrode  performances  of  the  in-house  prepared 
Pt-Ru/C  and  standard  Pt-Ru/C  (E-TEK  40)  catalysts  are 
compared  in  Fig.  7.  The  results  from  current-potential  curves 
reveal  that  the  in-house  prepared  catalysts  MEC-01  and 
MEC-03  give  higher  performance  than  the  standard  Pt-Ru/C 
(E-TEK  40)  catalyst  (Fig.  7(a))  for  5%  methanol  concen¬ 
tration.  For  15%  methanol  at  0.4  V,  which  is  technologically 
interesting  for  DMFC  applications ,  the  MEC-0 1  Pt-Ru/C  cat¬ 
alyst  is  the  most  active,  while  at  more  positive  potentials  the 
E-TEK  40  Pt-Ru/C  catalyst  is  the  most  active  (Fig.  7(b)). 
Similar  results  are  observed  for  35  and  50%  methanol  concen¬ 
trations,  see  in  Fig.  7(c)  and  (d),  respectively.  The  impedance 
results  (Table  5)  agree  well  with  the  current-potential  data 
and  reveal  that  at  an  electrode  potential  of  0.4  V,  the  MEC- 
01  Pt-Ru/C  catalyst  has  a  lower  resistance  than  the  E-TEK 
40  catalyst  at  all  methanol  concentrations.  The  high  catalytic 
activity  of  the  MEC-01  catalyst  may  be  attributed  to  a  homo¬ 
geneous  dispersion  of  metal  particles  on  the  carbon  support 
with  narrow  particle-size  distribution.  In  addition,  the  pres¬ 
ence  of  Nafion  inside  the  catalytic  layer  the  MEC-01  catalyst 
would  have  improved  the  performance  over  commercial  cat¬ 
alyst. 
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Potential  vs.  NHE  (volts) 


(d)  Potential  vs.  NHE  (volts) 


Fig.  5.  Anodic  current-potential  curves  of  various  Pt-Ru/C  electrodes  at  40  °C  and  in  various  methanol  concentrations,  (a)  MEC-01,  (b)  MEC-02,  (c)  MEC-03 
and  (d)  E-TEK  40. 


[MeOH]  % 

Fig.  6.  Comparison  of  onset  potential  (EonSet)  for  methanol  oxidation  on  in- 
house  prepared  Pt-Ru/C  catalyst  (MEC-01)  and  standard  Pt-Ru/C  catalyst 
(E-TEK  40)  obtained  from  Fig.  5(a)  and  (d),  respectively. 


Conclusions  about  the  electrocatalytic  activity  of  Pt-Ru 
materials  for  methanol  oxidation  cannot  be  simply  drawn 
from  the  characterization  of  as-prepared  samples.  X-ray 
absorption  spectroscopy  of  the  X-ray  near  edge  structure 
(XANES)  and  the  Extended  X-ray  absorption  fine  structure 
(EXAFS)  is  required  for  detailed  characterization  of  the  cat¬ 
alysts  towards  methanol  oxidation. 

3.3.  X-ray  absorption  spectroscopy  (XANES,  EXAFS ) 
measurements 

Comparison  of  XANES  features  of  the  in-house  prepared 
Pt-Ru/C  catalyst  (MEC-01)  with  the  commercial  E-TEK  40 
catalyst  at  the  Pt  Lm-edge  are  presented  in  Fig.  8.  It  is  seen 
that  the  MEC-01  catalyst  has  similar  features  to  those  of  the 
commercial  catalyst  samples  on  the  continuum,  which  indi¬ 
cates  a  similar  environment  for  the  Pt  atoms  in  all  samples. 
The  white  line  at  the  Pt  Lm-edge  is  an  absorption  threshold 
resonance;  it  is  attributed  to  the  electronic  transitions  from 
2p3 /2  to  unoccupied  states  above  the  Fermi  level  and  is  sensi- 
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(a)  Potential,  V  vs  NHE 


(b)  Potential,  V  vs  N H E 


Fig.  7.  Comparison  of  anode  performance  of  various  Pt-Ru/C  electrodes  at  40  °C  in  (a)  5%  methanol,  (b)  15%  methanol,  (c)  35%  methanol  and  (d)  50% 
methanol. 


Table  4 

EXAFS  fit  parameters  at  Pt  Lm-edge  of  MEC-01  and  E-TEK  40  Pt-Ru/C  catalysts 


Sample 

Shell 

Calculated  parameters 

S%  =  0.05 

N 

R(A) 

a<t?  (A2) 

AE0  (ev) 

R  factor 

MEC-01  (20%  Pt,  10%  Ru) 

Pt-Ru 

Pt-Pt 

1.7  (0.5) 

6.4  (0.6) 

2.702  (0.010) 
2.746  (0.005) 

0.0047  (0.0014) 
0.0065  (0.0004) 

4.8  (2.0) 

5.5  (0.9) 

0.001 

E-TEK  (26.67%  Pt,  13.33%  Ru) 

Pt-Ru 

Pt-Pt 

1.87  (0.2) 

6.2  (0.3) 

2.707  (0.003) 
2.745  (0.002) 

0.0052  (0.0002) 
0.0070  (0.0001) 

3.7  (0.9) 

6.2  (0.6) 

0.005 

tive  to  changes  in  electron  occupancy  in  the  valence  orbitals 
of  the  absorber  [59] .  Considerable  differences  are  observed  in 
the  white  line  region  between  the  prepared  catalyst  with  those 
of  commercial  catalysts.  The  white  line  area  is  increased  in 
the  case  of  MEC-01,  which  signifies  an  increase  in  the  d- 
band  vacancies  in  Pt  as  a  result  of  electron  transfer  from  Pt 
or  Ru  caused  by  bimetallic  interactions  in  the  prepared  cat¬ 
alyst.  When  the  electron  density  is  lower  at  Pt,  there  is  a 
possibility  of  weakened  CO  adsorption  and  hence  a  higher 
methanol  oxidation  rate.  This  may  be  the  reason  for  the  supe¬ 


rior  performance  of  MEC-01  over  E-TEK  40  at  5%  methanol 
concentration.  At  higher  methanol  concentrations,  however, 
the  weakening  of  CO  may  be  decreased  in  MEC-0 1  compared 
with  E-TEK  40,  and  hence  there  is  a  decrease  in  methanol  ox¬ 
idation  performance.  A  systematic  investigation  is  required 
to  confirm  this  assumption  and  will  be  addressed  in  future 
work.  Lin  et  al.  [60]  have  related  the  enhanced  intensity  of  the 
white  line  area  of  the  prepared  Pt-Ru/C  catalyst  to  the  higher 
performance  of  their  prepared  Pt-Ru/C  catalyst  compared 
with  that  of  a  commercial  Pt-Ru/C  catalyst.  Page  et  al.  [61] 
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Fig.  8.  Pt  Lm-edge  XANES  spectra  of  MEC-01,  E-TEK  40  Pt-Ru/C  cata¬ 
lysts  and  Pt  foil. 

have  found  a  reduced  white  line  for  Pt-Ru/C  catalysts  com¬ 
pared  with  a  commercial  Pt-Ru/C  catalyst  and  have  related 
this  observation  in  prior  to  the  electrochemical  performance 
of  the  prepared  catalyst.  Normalized  EXAFS  (k3 -weighted) 
data  for  the  Pt  foil,  MEC-01  catalyst  and  E-TEK  40  Pt-Ru/C 
electrocatalyst  are  shown  in  Fig.  9.  The  three  data  sets  exhibit 
similarity  even  at  higher  k  values.  The  k3 -weighted  EXAFS 
data  were  Fourier  transformed,  as  shown  in  Fig.  10.  For  the 
Pt-Ru/C  catalysts,  splitting  of  the  peak  corresponding  to  the 
first  coordination  shell  is  observed  and  is  caused  by  the  in¬ 
terference  between  backscattering  from  Pt  and  Ru  neighbors. 
This  phenomenon  has  been  ascribed  to  the  formation  of  a  real 
Pt-Ru  alloy  [62,63].  It  is  necessary,  however,  to  confirm  the 
presence  of  bimetallic  interaction  from  Ru  K-edge  but  due  to 
energy  constraints  at  NSRRC,  Taiwan,  only  data  recorded  at 
Pt  Em -edge  have  been  examined  on  MEC-01  and  commercial 
Pt-Ru/C  samples.  EXAFS  parameters  such  as  coordination 
number  (N),  bond  distance  (R),  Debye-Waller  factor  (Act?) 
and  energy  shift  (AEo)  are  listed  in  Table  4.  The  Pt-Pt  as 
well  as  Pt-Ru  coordination  numbers  of  both  MEC-01  and 
E-TEK  40  Pt-Ru/C  catalysts  are  nearly  the  same  and  this  in¬ 
dicates  that  the  catalysts  may  have  similar  structures.  For  all 
samples,  the  total  Pt-Pt  and  Pt-Ru  coordination  numbers  are 


-1 

k/A 

Fig.  9.  A3 -Weighted  EXAFS  spectra  of  Pt  foil,  MEC-01,  E-TEK  40  Pt-Ru/C 
catalysts. 


R/A 

Fig.  10.  Fourier  transformed  EXAFS  spectra  of  MEC-01,  E-TEK  40 
Pt-Ru/C  catalysts  and  Pt  foil. 


Table  5 

Comparison  of  fitting  parameters  using  equivalent  circuit  of  Fig.  12  for  E-TEK  40  and  MEC-01  Pt-Ru/C  catalyst  electrodes  at  40  °C,  0.4  V  and  various  methanol 
concentrations 


Electrode 

MeOH  (%) 

Rs  (mg  Q) 

Ri  (mg  Q) 

CPEi-T  (Fmg-1) 

CPEi-P  (Fmg-1) 

R2  (mg  Q) 

CPE2-T  (Fmg-1) 

CPE2-P  (Fmg-1) 

E-TEK  40 

5 

0.867 

0.454 

0.0006 

0.73 

139.49 

0.0386 

0.93 

15 

1.046 

0.469 

0.0005 

0.76 

73.797 

0.0378 

0.92 

35 

1.25 

0.485 

0.001 

0.7 

37.026 

0.0362 

0.91 

50 

1.658 

0.714 

0.0072 

0.54 

38.811 

0.0362 

0.93 

MEC-01 

5 

0.045 

0.121 

0.0018 

0.66 

26.18 

0.0691 

0.9 

15 

0.061 

0.176 

0.0035 

0.61 

17.688 

0.0667 

0.92 

35 

0.704 

0.187 

0.0033 

0.61 

14.74 

0..0655 

0.9 

50 

0.913 

0.286 

0.034 

0.43 

13.618 

0.0794 

0.95 
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considerably  smaller  than  that  in  bulk  Pt  (N  =  12),  and  this  is 
consistent  with  the  formation  of  highly  dispersed  and  small 
particle  Pt-based  alloys. 

3.4.  Electrochemical  impedance  spectroscopy  analysis 

ac  impedance  spectroscopy  is  a  direct  method  for  the  study 
of  various  electrochemical  processes  involved  in  the  oper¬ 
ation  of  DMFCs.  Nyquist  plots  for  the  standard  Pt-Ru-C 
(E-TEK  40)  catalyst  and  in-house  prepared  Pt-Ru-C  (MEC- 
01)  catalyst  at  various  methanol  concentrations  at  40  °C 
and  at  bias  potential  of  0.4  V  are  were  shown  in  Fig.  11(a) 
and  (b),  respectively.  The  Nyquist  plots  agree  well  with  the 
experimentally  observed  plots  when  the  equivalent  circuit 
shown  in  Fig.  12,  which  has  been  based  on  the  discus¬ 
sion  the  impedance  in  PEMFCs  [64]  and  modified  to  fit  the 
present  three-electrode  cell  arrangement,  is  used  to  model  the 
impedance  behaviour  of  Pt-Ru/C  electrodes.  Rs  is  the  solu¬ 
tion  resistance,  R\  is  the  interfacial  resistance  between  the 
catalyst  and  the  Au  ring  in  parallel  with  a  constant  phase  el¬ 
ement  (CPEi)  and  R2  is  the  charge-transfer  resistance  due  to 
methanol  oxidation  kinetics  in  parallel  with  a  constant  phase 
element  (CPE2).  The  fitting  parameters  using  this  equivalent 
circuit  are  shown  in  Table  5.  The  solution  resistance  ( Rs ) 
increases  in  small  amounts  with  increase  in  methanol  con¬ 
centration  both  for  the  standard  Pt-Ru/C  catalyst  (E-TEK 
40)  and  for  the  in-house  prepared  MEC-01  Pt-Ru/C  catalyst, 
but  the  extent  of  the  increase  is  small.  Even  though  the  solu¬ 
tion  resistance  is  a  bulk  property  of  the  electrolyte  solution 
and  independent  of  the  interfacial  properties  of  the  electrode, 
it  is  reasonable  to  expect  a  small  increase  as  the  concen¬ 
tration  of  methanol  is  increased.  The  interfacial  resistance 
between  the  catalyst  and  the  Au  ring  ( R\ )  also  shows  a  small 
increase  for  both  catalysts.  The  increase  in  methanol  adsorp¬ 
tion  on  the  catalyst  with  concentration  will  probably  increase 
the  interfacial  resistance  to  a  small  extent.  The  impedance 
spectra  for  the  E-TEK  40  catalyst  shown  in  Fig.  11(a)  dis¬ 
play  a  semicircle  in  the  low-frequency  region.  The  magni¬ 
tude  of  this  semicircle  decreases  as  the  methanol  concen¬ 
tration  is  increased  from  5  to  35%,  while  the  corresponding 
change-transfer  resistance  (R2)  decreases  and  then  slightly 
increases  for  50%  methanol.  It  is  well  known  that  the  mag¬ 
nitude  of  the  semicircle  is  related  to  the  resistance  due  to  the 
methanol  electro-oxidation  kinetics  [65,66].  The  extent  of  the 
decrease  in  resistance  indicates  the  increasing  driving  force 
for  the  methanol  oxidation  process.  The  data  in  Fig.  11(a) 
and  Table  5  clearly  indicate  that  the  E-TEK  40  catalyst  has  a 
lower  resistance  at  35%  methanol  and  a  higher  resistance  at 
50%  methanol.  The  impedance  results  for  the  E-TEK  40  elec¬ 
trode  at  0.4  V  are  in  agreement  with  the  polarization  curve  at 
0.4  V,  which  suggests  that  the  mass  activity  increases  up  to 
35%  methanol  concentration  and  then  decreases.  Studies  on 
the  MEC-01  Pt-Ru/C  catalyst  show  that  the  resistance  values 
decrease  with  increasing  methanol  concentration  (Fig.  1 1(b) 
and  Table  5)  and  all  the  values  are  well  below  those  of  E- 
TEK  40.  The  specific  resistance  of  E-TEK  40  and  MEC-01 


Fig.  11.  Nyquist  diagrams  at  of  0.4  V  and  of  40  °C.  (a)  E-TEK  40  catalyst, 
(b)  in-house  prepared  MEC-01  Pt-Ru/C  catalyst. 


Rs  R1  R2 


Fig.  12.  Equivalent  circuit  for  evaluation  of  impedance  spectra  measured 
during  electro-oxidation  of  methanol  on  Pt-Ru/C  catalysts. 
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Fig.  13.  Relationship  between  specific  resistance  (. R2 )  and  methanol  con¬ 
centration  of  E-TEK  40  and  MEC-01  Pt-Ru/C  catalysts. 

catalysts  is  plotted  against  various  methanol  concentrations 
in  Fig.  13.  For  all  methanol  concentrations,  the  commercial 
E-TEK  40  catalyst  exhibits  higher  specific  resistance.  Half¬ 
cell  polarization  and  impedance  analysis  demonstrate  that  the 
Pt-Ru/C  (MEC-01)  gives  a  showed  higher  performance  than 
the  standard  Pt-Ru/C  (E-TEK  40)  catalyst. 


4.  Conclusions 

Well-dispersed  Pt-Ru  particles  deposited  on  a  Vulcan 
XC-72  carbon  support  via  the  alcohol-reduction  method  for 
methanol  electro-oxidation.  The  addition  of  small  amounts  of 
Nation  in  the  catalyst  preparation  step  enhances  the  electro- 
catalytic  activity  compared  with  that  of  commercial  Pt-Ru/C 
(E-TEK  40)  catalyst. 
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